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CDD-330Lq dwlrq dqg Ryhuedqnlqj
Doh{dqguh Fruuhd Edvvrol|dqg Vdpxho gh Deuhx Shvvrd}
Zrunlqj Sdshu 0 Dsulo/ 5333
Devwudfw
Wklv sdshu dujxhv wkdw prqhwdu| prghov fdq dqg xvxdoo| suhvhqw wkh skhqrphqrq ri
ryhu0edqnlqj> wkdw lv/ wkh pdunhw vroxwlrq ri wkh prgho suhvhqwv d vl}h ri wkh edqnlqj
vhfwru zklfk lv kljkhu wkdq wkh vrfldo rswlpd1 Dsso|lqj d wzr vhfwru prqhwdu| prgho ri
fdslwdo dffxpxodwlrq lq suhvhqfh ri d edqnlqj vhfwru/ zklfk vxssolhv oltxlglw| vhuylfhv/
lw lv vkrzq wkdw wkh ulvh ri d wd{ wkdw glvlqfhqwlyhv wkh dftxlvlwlrq ri wkh edqnlqj
vhuylfh suhvhqwv wkh iroorzlqj lpsdfwv rq zhoiduh1 Li wkh whfkqrorj| lv wkh vdph dprqj
wkh vhfwruv/ wkh wd{ lqfuhdvhv zhoiduh> rwkhuzlvh/ vwhdg|0vwdwh xwlolw| lqfuhdvh li wkh
edqnlqj vhfwru lv oderu0lqwhqvlyh frpsduhg wr wkh uhdo vhfwru1 Dgglwlrqdoo|/ lw lv suryhg
wkdw wkh hohydwlrq ri lq dwlrq kdv wkh iroorzlqj lpsdfw rq wkh hfrqrp|*v htxloleulxp=
wkh vkduh rq wkh surgxfw ri wkh edqnlqj vhfwru lqfuhdvhv> wkh surgxfw dqg wkh vwrfn
ri fdslwdo lqfuhdvhv ru uhgxfhv zkhwkhu wkh edqnlqj vhfwru lv fdslwdo0lqwhqvlyh ru oderu0
lqwhqvlyh> dqg/ wkh vwhdg|0vwdwh xwlolw| uhgxfhv1 Wkh uhvxowv zhuh ghulyhg xqghu d txlwh
jhqhudo vhw xs 0 vwdqgdug k|srwkhvlv uhjduglqj frqfdylw| ri suhihuhqfh/ frqyh{lw| ri
whfkqrorj|/ dqg qrupdolw| ri jrrgv 0 zhuh uhtxluhg1
￿Wklv zrun ehqhwhg iurp frqyhuvdwlrqv zlwk Pdufrv gh Eduurv Olverd dqg Uxehqv Shqkd F|vqh1 Uh0
pdlqlqj huuruv duh wkh uhvsrqvlelolw| ri wkh dxwkruv1 Doh{dqguh Edvvrol dfnqrzohgjhv wkh uhvhdufk dvvlvwdqfh
djhqf|/ FDSHV/ dqg wkh Hfrqrplf Ghsduwphqw ri wkh Vwdwh Xqlyhuvlw| ri Vær Sdxor> Vdpxho Shvvrd df0
nqrzohgjhv wkh Eud}loldq Jryhuqphqw*v uhvhdufk dvvlvwdqfh djhqflhv/ FDSHV dqg FQSt/ dqg wkh vshfldo
surjudp/ SURQH[/ iru qdqfldo vxssruw1
|Hfrqrplvw dw Lqgrvxh} Z1 L1 Fduu Vhfxulwlhv/ Vær Sdxor/ Eudvlo1 H0pdlo= dedvvrolCeu1lqgrfduuvhf1frp1
}Judgxdwh Vfkrro ri Hfrqrplfv/ Ixqgdêær Jhwxolr Ydujdv 0 Ulr gh Mdqhlur/ Eudvlo1 Fxuuhqwo| ylvlwlqj
Xqlyhuvlw| ri Shqqv|oydqld1 H0pdlo= shvvrdCijy1eu/ shvvrdCvvf1xshqq1hgx
44L q w u r g x f w l r q
Wkh hfrqrplhv zklfk kdyh h{shulhqfhg kljk ohyho0lq dwlrq iru d orqj shulrg ri wlph/ dovr
nqrzq dv fkurqlf lq dwhg hfrqrplhv/ kdyh zlwqhvvhg wkh lqfuhdvh ri wkh vkduh ri wkh edqnlqj
vhfwru lq wkh surgxfw1 Dv dq h{dpsoh/ lq 4<<6 Eud}lo/ lw vn|urfnhwhg wr 46( ri JGS1 Dowkrxjk
lw lv srvvleoh wkdw sureohpv h{lwv lq Eud}loldq qdwlrqdo dffrxqwv/ wklv qxpehu lv h{wuhpho|
kljk/ hvshfldoo| uhphpehulqj wkdw iru d vwdelol}hg hfrqrp|/ wklv jxuh lv qrupdoo| durxqg 7(1
Wkh frpsdulvrq jhwv hyhq zruvh rqfh lw lv dfnqrzohgjhg wkdw lq d fkurqlf0lq dwhg hfrqrp|
wkh edqnlqj vhfwru grhv qrw shuirup wkh wdvn ri ehlqj dq lqwhuphgldwh ehwzhhq vdyhuv dqg
lqyhvwruv/ zklfk lv rqh ri lwv prvw lpsruwdqw gxwlhv lq d vwdelol}hg pdunhw hfrqrp|1
Wkh uvw remhfwlyh ri wklv sdshu lv wr hvwdeolvk zkdw wkh uhdo hhfwv ri fkurqlfoh lq dwlrq
duh1 Dsso|lqj d wzr0vhfwru yhuvlrq ri Vlgudxvnl*v +4<9:, prgho/ zklfk frqwhpsodwhv d edqnlqj
vhfwru wkdw hpsor|lqj fdslwdo dqg oderu rhuv d prqh|0vxevwlwxwh vhuylfh/ lw lv vkrzq wkdw
d shupdqhqw dxjphqwdwlrq lq wkh lqfuhdvh udwh ri wkh qrplqdo txdqwlw| ri prqh| kdv wkh
iroorzlqj lpsdfw iru wkh vwhdg|0vwdwh prgho*v htxloleulxp= wkh krxvhkrog xwlolw| ghfuhdvhv>
wkh vkduh lq wkh surgxfw ri wkh edqnlqj vhfwru lqfuhdvhv> wkh prqh| ghpdqg ghfuhdvhv/ dqg
wkh edqnlqj vhuylfh ghpdqg lqfuhdvhv> pruhryhu/ wkh fdslwdo vwrfn dqg wkh surgxfw lqfuhdvh
ru ghfuhdvh zkhwkhu wkh edqnlqj vhfwru lv fdslwdo0lqwhqvlyh ru oderu0lqwhqvlyh1 Wkhvh uhvxowv
zhuh ghulyhg xqghu d txlwh jhqhudo vhw xs 0 vwdqgdug k|srwkhvlv uhjduglqj frqfdylw| ri
suhihuhqfh/ frqyh{lw| ri whfkqrorj|/ dqg qrupdolw| ri jrrgv 0 zhuh uhtxluhg1
Wkh vhfrqg remhfwlyh ri wkh sdshu lv wr lqyhvwljdwh li wkh pdunhw vroxwlrq iru wklv prgho
suhvhqwv cwrr pxfk edqnlqj1* Lq rwkhu zrugv/ zh duh lqwhuhvwhg wr nqrz li wkh lqfuhdvh ri wkh
edqnlqj vhfwru lq vxffhvvlrq ri dq lqfuhdvh lq wkh lq dwlrq udwh lv d vhfrqg ehvw srolf|/ dw
jlyhq lq dwlrq udwh1 Wkh lpsdfw rq zhoiduh ri d wd{ ohylhg rq wkh edqnlqj0vhuylfh sxufkdvh
zdv vwxglhg lq rughu wr dffrpsolvk wklv dlp1 Lw lv vkrzq wkdw wkh pdujlqdo lpsdfw ri wklv
wd{ lv zhoiduh lpsurylqj li wkh whfkqrorj| dprqj wkh vhfwruv lv wkh vdph/ zklfk phdqv wkdw
wkhuh lv ryhuedqnlqj lq wklv vlwxdwlrq1
Dl|djdul/ Eudxq/ dqg Hfnvwhlq +4<<;, dqg Hqjolvk +4<<<, exlow d fdvk0lq0dgydqfh prgho
lq suhvhqfh ri fuhglw jrrgv1 Lq wkrvh zrunv lv vxssrvhg wkdw wkh dftxlvlwlrq ri fuhglw jrrgv lv
d uhvrxufh0frqvxpswlrq dfwlylw|/ zklfk lv shuiruphg e| d vhfrqg vhfwru 0 wkh edqnlqj vhfwru1
Lq wklv dvshfw wklv sdshu lv frpsohphqwdu| wr wkhvh wzr zrunv> zh ghyhors d Vlgudxvnl0w|sh
prgho dqg wkh| d fdvk0lq0dgydqfh prgho1 Wkh pdmru frqfhuq lq wklv sdshu lv jhqhudolw|> lq
sduwlfxodu/ qr vxssrvlwlrq uhjduglqj fdslwdo lqwhqvlw| dprqj vhfwru lv grqh1 Dgglwlrqdoo|/
5wklv sdshu frqfhqwudwhv lq wkh doorfdwlrq hhfwv ri lq dwlrq1 Hyhq zkhq lq dwlrq dowhuv wkh
fdslwdo vwrfn/ wkh fkdqqho zrunv wkurxjk doorfdwlrqv lpsdfwv xqghu idfwru sulfhv/ dqg qrw
gxh wr d gluhfw lpsdfw ri lq dwlrq rq fdslwdo uhpxqhudwlrq/ dv xvxdo lq prghov lq zklfk wkh
fdvk0lq0dgydqfh uhvwulfwlrq dssolhv wr fdslwdo dftxlvlwlrq14 Lq wklv dvshfw wklv sdshu sxwv
iruwk dqrwkhu fkdqqho iru orqj0uxq qrq0qhxwudolw| ri prqh|/ zklfk lv d ghvfhqghqw ri Wrelq*v
hhfw1 Dqrwkhu pdlq glvwlqfwlrq lv wkdw Dl|djdul*v hw doll pdlq frqfhuq lv wkh lpsdfw ri
lq dwlrq rq zhoiduh> Hqjolvk*v lv wkh lpsdfw ri lq dwlrq rq wkh vl}h ri wkh edqnlqj vhfwru>
rxuv lv ryhuedqnlqj1 Lq sduwlfxodu/ zh vkrz wkdw wkhlu prghov suhvhqw ryhuedqnlqj1
Wkh sdshu kdv wkh iroorzlqj rujdql}dwlrq1 Wkh vxevhtxhqw Vhfwlrq wr wklv lqwurgxfwlrq
suhvhqwv wkh jhqhudo yhuvlrq ri Vlgudxvnl prgho zklfk frqwhpsodwhv d edqnlqj vhfwru1 Wkh
wklug Vhfwlrq dqdo|vhv wkh vkruw0uxq htxloleuld/ dqg wkh irxuwk Vhfwlrq ghulyhv wkh orqj0uxq
frpsdudwlyh0vwdwlfv uhvxowv1 Wkh hqvxlqj Vhfwlrq lqyhvwljdwhv wkh skhqrphqrq ri ryhuedqnlqj
dqg wkh frqfoxvlrq iroorzv1
5W k h J h q h u d o P r g h o
Zh duh lqwhuhvwhg lq lqyhvwljdwlqj wkh edqnlqj vhfwru dv d surylghu ri oltxlglw| lqvwuxphqwv1
Wkh edqnlqj lqvwlwxwlrqv duh upv wkdw hpsor| fdslwdo dqg oderu dqg vxsso| d vhuylfh/
zklfk duh vxevwlwxwhv iru fdvk1 Iroorzlqj Vlgudxvnl +4<9:,/ zh vxssrvh wkdw lqvwdqwdqhrxv
xwlolw| ghshqgv rq frqvxpswlrq dqg ohlvxuh1 Ohlvxuh lv lqfuhdvlqj lq frqvxpswlrq ri oltxlglw|
vhuylfhv1 Zh dvvxph wkdw wkhuh duh wzr oltxlglw| lqvwuxphqwv= lq dgglwlrq wr prqh| kroglqj/
wkhuh lv dqrwkhu vhuylfh/ fdoohg edqnlqj vhuylfhv/ zklfk lqfuhdvhv krxvhkrog*v ohlvxuh1
Zkhq lq dwlrq lqfuhdvhv wzr vruw ri dgmxvwphqw duh srvvleoh1 Iluvw/ wkh edqnlqj vhfwru
lqfuhdvhv lq rughu wr surylgh oltxlg vhuylfhv wr wkh sxeolf1 Vhfrqg/ wudqvdfwlrq wdnhv pruh
wlph> dqg/ wklv kljkhu wlph frvw frxog lpso| d uhgxfwlrq ri ohlvxuh ru ri wlph vxsso| wr
wkh oderu pdunhw1 Dfwxdoo|/ erwk pdujlqv duh suhvhqw1 Lq wklv sdshu zh vwuhvv wkh pdujlq
ehwzhhq ohlvxuh dqg wudqvdfwlrq wlph> zh dvvxph dq h{rjhqrxv vxsso| ri oderu hruw1 Wklv
vxssrvlwlrq orfdol}hv doo wkh shfxqldu| frvw ri lq dwlrq lq wkh h{wudfwlrq ri surgxfwlrq idfwru
lqwr wkh edqnlqj vhfwru1
Lq wklv prgho wkh lqwhusod| ehwzhhq lq dwlrq dqg idfwru doorfdwlrq lv dv iroorzv= Zkhqhyhu
lq dwlrq lqfuhdvhv/ wkh sulydwh sulfh ri prqh| lqfuhdvhv/ vxfk wkdw wkh krxvhkrog/ lq rughu
4Vhh Vwrfnpdq +4<;4,1
6wr vdyh uhvrxufhv/ uhgxfhv uhdo prqh| kroglqjv dqg lqfuhdvhv edqnlqj vhuylfhv sxufkdvhv1
Wkh lqfuhdvh lq edqnlqj vhuylfhv ghpdqg lqfuhdvhv lwv uhodwlyh sulfh1 Lq rughu wr htxloleudwh
pdunhwv/ surgxfwlrq idfwruv ohdyh wkh uhdo vhfwru lqwr wkh edqnlqj vhfwru> frqvhtxhqwo|/ wkh
jrrgv rhu uhgxfhv dqg wkh edqnlqj vhuylfhv rhu lqfuhdvhv1 Rq wkh rwkhu kdqg/ wklv sulfh
pryhphqw dowhuv idfwruv sulfhv/ surgxflqj dq lpsdfw rq fdslwdo dffxpxodwlrq1
Krxvhkrogv






zkhuh  lv wkh lqvwdqwdqhrxv xwlolw|/ zklfk lv d ixqfwlrq ri frqvxpswlrq dqg ohlvxuh1 Ohlvxuh
ghshqgv rq prqh| kroglqjv/ 6|/ dqg frqvxpswlrq ri oltxlglw| vhuylfhv/ S2|1 Wkh krxvhkrog
kdv wzr xqlwv ri wlph> rqh vkh lqhodvwlfo| vxsso| wr wkh pdunhw/ wkh rwkhu vkh glvwulexwhv
dprqj ohlvxuh dqg wudqvdfwlrq/ dffruglqj wr
,|    }E6|cS 2| +5,
Krxvhkrogv dffxpxodwhv dvvhwv dffruglqj wr wkh h{fhvv ri lqfrph/ iurp dvvhwv/ o|@|/d q g
zdjhv/ z|> ryhu sxufkdvh ri frqvxpswlrq jrrgv/ edqnlqj vhuylfhv/ dqg fdvk vhuylfhv1 Lw
iroorzv wkdw
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@|  &| n 6|c +8,
zkhuh | lv wkh qrplqdo shu fdslwd prqh| vwrfn> ￿| lv wkh qrplqdo sulfh ri wkh uvw jrrg
+zklfk frxog eh frqvxphg ru dffxpxodwhg dv fdslwdo,> 2| lv wkh qrplqdo sulfh ri wkh edqnlqj
vhuylfh> &| lv wkh shu fdslwd fdslwdo vwrfn> Z| lv wkh lq dwlrq udwh>  lv d sxufkdvh wd{ rq
edqnlqj vhuylfh> dqg/ | lv wkh wudqvihu iurp wkh jryhuqphqw1
Wkh xwlolw| lv vxssrvhg wr eh lqfuhdvlqj rq lwv dujxphqwv/ wr eh vwulfwo| frqfdyh/ dqg wr
7vdwlvi| vwdqgdug Lqdgd frqglwlrqv1 Wkh ixqfwlrq } lv frqyh{ dqg vdwlvhv
}￿ 	 fc ' c2 +9,
}￿￿ : fc ' c2 dqg }￿2 : fc +:,
*4
6cS2<"}E6|cS 2|' 1
Wkh vhfrqg frqglwlrq lq +:, hqvxuhv wkdw prqh| kroglqjv dqg edqnlqj0vhuylfhv frqvxpswlrq
duh vxevwlwxwhv15
Wkh uvw0rughu frqglwlrq iru wkh frqwuro*v yduldeohv= frqvxpswlrq/ prqh| kroglqj/ dqg
edqnlqj vhuylfhv duh/ uhvshfwlyho|
￿ES￿c  }E6cS2 ' bc +;,
2ES￿c  }E6cS2}￿E6cS2'bEZ n oc +<,
2ES￿c  }E6cS2}2E6cS2'bE n Rc +43,
zkhuh b lv wkh vkdgrz sulfh ri lqfrph1




' 4  o +44,
Ilupv
Dorqj zlwk wkh uhdo vhfwru/ zklfk surgxfhv d jrrg wkdw frxog eh frqvxphg ru vwrfnhg dv
fdslwdo/ wkhuh lv dqrwkhu vhfwru/ fdoohg edqnlqj vhfwru1 Wklv vhfwru surgxfhv d vhuylfh/ fdoohg
edqnlqj vhuylfh/ zklfk/ dv zdv vhhq/ khosv wkh frqvxphu wr frsh zlwk lq dwlrq1 Wkh krxvhkrog
vxssolhv lqhodvwlfo| fdslwdo dqg oderu irufh wr wkh pdunhw1 Wkh qdo jrrgv dqg wkh idfwruv
pdunhwv duh frpshwlwlyh/ zklfk pdnh wkh surgxfwlrq vlgh ri wkh prgho d vwdqgdug wzr0vhfwru
5Dgglwlrqdoo|/ zh vxssrvh wkdw wkh ixqfwlrqv x dqg j duh ri fodvv (5/ vxfk wkdw wkh vroxwlrq sdwk ri
sureohp +4, duh glhuhqwldeoh +Rqlnl/ +4<:6,,1
8vwdwlf prgho1 Wkh iroorzlqj htxdwlrqv vxppdul}h wkh surgxfwlrq vlgh ri wkh prgho6
+￿ ' ,￿s￿E&￿c +45,
+2 ' ,2s2E&2c +46,
,￿ n ,2 ' c +47,







z ' s￿E&￿  &￿s
￿
￿E&￿ +4;,











dqg s￿ lv shu zrunhu surgxfw lq wkh l0wk vhfwru> u￿ lv wkh oderu irufh doorfdwhg wr wkh l0wk
vhfwru> dqg g￿ lv wkh fdslwdo vwrfn doorfdwhg wr wkh l0wk vhfwru1
Dv xvxdo/ vwdqgdug Lqdgd frqglwlrqv duh dvvxphg=
s￿E f 'f / s
￿
￿ : f/ s
￿￿
￿ 	 f/+ 5 3 ,
s
￿
￿Ef ' 4 dqg s
￿
￿E4'f 













￿ B f  ' c2 zkhwkhu &￿ER B &2ER +55,




























: f zkhwkhu &￿ B &2  +57,







































Wkh edqnlqj vhuylfh lv d qrq0vwrudeoh jrrg/ dqg/ frqvhtxhqwo|/ lwv pdunhw fohduv frqwlqxrxvo|1
Wkh edqnlqj0vhuylfhv uhodwlyh sulfh dgmxvwv lq rughu wr dffrpsolvk wkh htxloleuld1 Irupdoo|/
S2| ' +2ER|c& | +5:,
Vxevwlwxwlqj wkh pdunhw0fohdu frqglwlrq iru wkh edqnlqj vhfwru lqwr wkh uvw0rughu frq0
glwlrq/ rqh lv ohiw zlwk wkh htxdwlrq v|vwhp zklfk ghvfulehv wkh vkruw0uxq/ ru prphqwdu|/
7Wklv lv d edvlf uhvxow lq wzr0vhfwru prghov1 Lq zrugv= li wkh edqnlqj vhfwru lv oderu0lqwhqvlyh/ dq lqfuhdvh
ri wkh edqnlqj0vhuylfh*v uhodwlyh sulfh suryrnhv dq lq rz ri surgxfwlrq idfwruv wrzdugv lw/ zklfk zloo fdxvh
dq lqfuhdvh lq wkh uhodwlyh uhpxqhudwlrq ri oderu/ dv frpsdulqj wr wkh uhpxqhudwlrq ri fdslwdo/ lq rughu wr
htxloleudwh wkh idfwru pdunhw1 Wklv lqfuhdvh lq wkh oderu frvw zloo hqjhqghu dq lqfuhdvh lq wkh fdslwdo lqwhqvlw|
e| wkh upv1 Dq rssrvlwh dujxphqw dssolhv iru wkh vlwxdwlrq lq zklfk wkh edqnlqj vhfwru lv fdslwdo0lqwhqvlyh1
:htxloleulxp ri wklv hfrqrp|1 Wkh| duh
￿ES￿c  }E6c+2ERc& ' bc +5;,









Lq wkh odvw htxdwlrq +49, zdv vxevwlwxwhg1 Wkh v|vwhp lv vhsdudeoh= +5;, dqg +5<, vroyhv iru
S￿ dqg R dv ixqfwlrq ri wkh vwdwh yduldeoh &/ wkh frvwdwh0yduldeoh b/ wkh frvwdwh0olnh yduldeoh




&￿ :& 2 &￿ 	& 2
S￿ ￿2 : f  nn 
￿2 	 fn   n
R n   
Wkh lqwxlwlrq iru wkhvh pryhphqwv duh vwudljkwiruzdug1 Iru h{dpsoh/ dq lqfuhdvh lq wkh
fdslwdo vwrfn zloo lqfuhdvh wkh vxsso|/ dqg/ frqvhtxhqwo|/ wkh frqvxpswlrq ri wkh vhfrqg
jrrg/ li wkh vhfrqg vhfwru lv fdslwdo0lqwhqvlyh/ uhvxowlqj lq d ghfuhdvh ri wkh pdujlqdo xwlolw|
ri wkh edqnlqj0vhuylfh1 Wr uhvwruh wkh htxloleulxp wkh sulfh ri wkh edqnlqj0vhuylfh zloo
ghfuhdvh/ uhgxflqj lwv surgxfwlrq> dqg wkh frqvxpswlrq ri wkh uvw jrrg zloo lqfuhdvh ru
ghfuhdvh/ zkhwkhu lw lv d frpsohphqw ru d vxevwlwxwh iru ohlvxuh1 Wklv h{sodlqv wkh irxuwk
froxpq ri wkh wdeoh1 Dqdorjrxv klvwrulhv frxog eh wrog uhvshfwlqj wkh rwkhu froxpqv1 Wkh
frpsdudwlyh0vwdwlf iru wkh lq dwlrq udwh lv lqghwhuplqdwh zkhq wkh edqnlqj vhfwru lv fdslwdo0
lqwhqvlyh ehfdxvh/ xqghu wkdw k|srwkhvlv/ wkh uhodwlyh sulfh dqg wkh uhdo lqwhuhvw udwh fkdqjh
lq wkh vdph gluhfwlrq/ pdnlqj lpsrvvleoh/ dw wklv jhqhudolw| ohyho/ wr vljqdo lw19 Krzhyhu/ dv lw
8Ghwdlov lq wkh dsshqgl{ 51
9Iroorzv gluhfwo| iurp +63,1
;zloo eh fohdu lq wkh qh{w vhfwlrq/ wklv lqghwhuplqdf| zloo qrw fdxvh dq| kdup iru wkh orqj0uxq
frpsdudwlyh0vwdwlf dqdo|vlv1 Wkh ghwdlov ri wkh fdofxodwlrqv duh suhvhqwhg lq wkh dsshqgl{ 51
Wkh jryhuqphqw*v exgjhw frqvwudlqw lv
 ' j6n RS2c +64,
lq zklfk j 
u
￿
￿1 Wkh prqh| pdunhw htxloleulxp htxdwlrq lv
u
6 ' j6 Z6 +65,
Diwhu vxevwlwxwlqj +64, dqg +65, lqwr +6, dqg uhfdoolqj +8,/ lw iroorzv wkdw
u
& ' z n o&  S￿  RS2￿ +66,
Iru wklv forvhg hfrqrp|/ shu fdslwd lqfrph lv htxdo wr shu fdslwd surgxfw/ zklfk phdqv wkdw:
z n o& ' +￿ n R+2(
zklfk/ wrjhwkhu zlwk wkh vhfrqg0vhfwru pdunhw htxloleulxp htxdwlrq/ lpsolhv wkdw
u
& ' +￿  S￿ +67,
Wkh g|qdplf v|vwhp iruphg e| +44,/ +65,/ dqg +67, ghvfulehv wkh hyroxwlrq ri b/ 6/d q g
&1
:Lw iroorzv iurp
z . un @+ i4  n4i3
4,.i3
4n
@+ i4  n4i3
4,+o4 . o5,.i3
4+o4n4 . o5n5,
@ o4i4 . s+i5  n5i3
5,o5 . si3
5o5n5
@ o4i4 . so5i5
@ |4+s>n,.s|5+s>n,=
Lq zklfk wkh htxdwlrqv +45,0+4<, zhuh hpsor|hg1
<7 Orqj0Uxq Dqdo|vlv
Zh duh lqwhuhvwhg lq hydoxdwlqj wkh orqj0uxq lpsdfw ri d fkdqjlqj lq wkh lqfuhdvh udwh ri
wkh qrplqdo txdqwlw| ri prqh| rq= fdslwdo/ prqh| kroglqjv/ frqvxpswlrq/ edqnlqj0vhfwru
rxwsxw/ edqnlqj0vhfwru vkduh lq rxwsxw/ shu fdslwd lqfrph/ dqg zhoiduh1 Iru wkh vwhdg|0vwdwh/
lw iroorzv wkdw
+￿ERE&cbc6cc&  S￿E&cbc6c'f c +68,
4  s
￿
￿E&￿ERE&cbc6c 'f c +69,
j  ZE&cbc6c'f  +6:,
Dowkrxjk/ dv zloo eh vhhq/ wkh fdslwdo vwrfn lv qrw lqyduldqw zlwk uhvshfw wr lq dwlrq udwh/
wklv hfrqrp| suhvhqwv d zhdn qhxwudolw| 0 wkh orqj0uxq lqwhuhvw udwh lv qrw ghshqghqw ri lq0
 dwlrq1 Wklv surshuw| glvwlqjxlvkhv wklv prgho iurp fdvk0lq0dgydqfh prghov lq wkh suhvhqfh
ri fuhglw jrrgv/ zkhq wkh fdvk0lq0dgydqfh uhvwulfwlrq dssolhv wr fdslwdo jrrg1 Lq wkdw fodvv
ri prghov wkh lq dwlrq dfwv olnh d glvwruwlrq rq fdslwdo lqfrph/; klqghulqj lwv dffxpxodwlrq1
Khuh wkh orqj0uxq uhpxqhudwlrq ri fdslwdo/ dqg/ frqvhtxhqwo|/ wkh uhodwlyh sulfh ri edqnlqj
vhuylfhv/ lv qrw ghshqghqw rq lq dwlrq1 Iurp wklv srlqw ri ylhz/ wkhuh lv qrw d gluhfw lp0
sdfw ri lq dwlrq rq fdslwdo*v uhpxqhudwlrq1 Zkdw rffxuv lv wkdw wkh lq dwlrq udwh fkdqjhv
wkh orqj0uxq edqnlqj vhuylfhv rxwsxw1 Zkhq lq dwlrq lqfuhdvhv/ wkh krxvhkrog vxevwlwxwhv
edqnlqj0vhuylfh iru prqh|1 Ehfdxvh lq wkh orqj0uxq wkh uhodwlyh sulfh grhv qrw fkdqjh/< wkh
xqltxh zd| wr lqfuhdvh wkh edqnlqj0vhfwru rxwsxw lv wr fkdqjh wkh idfwru hqgrzphqw ri wklv
hfrqrp|/43 zklfk phdqv fdslwdo dffxpxodwlrq li wkh edqnlqj vhfwru lv fdslwdo0lqwhqvlyh/ ru
fdslwdo uhgxfwlrq li wkh rssrvlwh rffxuv1
;Wklv revhuydwlrq lv vxemhfwhg wr txdolfdwlrqv1 Vhh Shvvrd +5333,1
<Wklv uhvxow iroorzv iurp +69,1
43Lq wkh Lqwhuqdwlrq Wudgh olwhudwxuh wklv uhvxow lv nqrzq dv U|ef}|qvnl0Vdpxhovrq wkhruhp1














































Uhfdoolqj wkdw wkh ixqfwlrqv ghvfulelqj R/ S￿/d q gZ fdph iurp d vkruw0uxq vwdwlf0frpsdudwlyh/
dqg vxevwlwxwlqj lqwr +6;, lwv ghulydwlyhv/ zklfk zhuh fdofxodwhg lq wkh vhfrqg dsshqgl{/ wkh
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 : f +75,
44Wkh uhdghu pljkw eh zrqghulqj krz zh shuirup wklv fdofxodwlrq1 Lq idfw/ hdfk hqwu| ri wkh Mdfreldq fdph
iurp d vkruw0uxq frpsdudwlyh vwdwlfv/ zklfk lqyroyhv wkuhh htxdwlrqv1 Zklfk phdqv wkdw wklv ghwhuplqdqw
lv <  <1 Wr fdofxodwh wkh Mdfreldq dqg wkh rwkhuv ghwhuplqdqwv zh uvw vlpsolhg wkh h{suhvvlrq zlwk wkh
khos ri wkh pdwkhpdwlfd vriwzduh1
44lv wkh Mdfreldq ri wkh vkruw0uxq frpsdudwlyh0vwdwlfv145
Sursrvlwlrq 4 Xqghu wkh iroorzlqj k|srwkhvlv wkh Mdfreldq hydoxdwhg dw wkh vwhdg|0vwdwh lv
qhjdwlyh= xwlolw| dqg ohlvxuh duh vwulfwo| frqfdyh ixqfwlrq ri wkhluv dujxphqwv> wkh frqvxps0
wlrq jrrg dqg ohlvxuh duh qrupdo jrrgv> prqh| krogv dqg edqnlqj0vhuylfh frqvxpswlrq duh
qrupdo jrrgv> dqg wkh rhu0ixqfwlrqv duh uhsuhvhqwhg e| +54,1
Surri1 Lw iroorzv gluhfwo| iurp +53,/ +55,/ +56,0+57,/ +73,0+75,/ +84,0+87,1
Rqfh wkh Mdfreldq lv vljqdol}hg zh fdq hpsor| Fudphu*v uxoh wr hydoxdwh wkh orqj0uxq
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: f +77,
Sursrvlwlrq 5 Xqghu wkh k|srwkhvlv ri sursrvlwlrq 4/ diwhu d shupdqhqw lqfuhdvh lq wkh
jurzwk udwh ri wkh qrplqdo txdqwlw| ri prqh|/ wkh orqj0uxq fdslwdo vwrfn ghfuhdvhv ru lqfuhdvhv
zkhwkhu wkh uhdo vhfwru lv fdslwdo0lqwhqvlyh ru oderu0lqwhqvlyh/ dqg wkh orqj0uxq uhdo txdqwlw|
ri prqh| ghfuhdvhv1
45Vhh wkh vhfrqg dsshqgl{1
45Surri1 Wkh uhvxow iroorzv gluhfwo| iurp sursrvlwlrq 4/ +76,/ dqg +77,1
Sursrvlwlrq 6 Xqghu wkh k|srwkhvlv ri sursrvlwlrq 4/ diwhu d shupdqhqw lqfuhdvh lq wkh
jurzwk udwh ri wkh qrplqdo txdqwlw| ri prqh|/ wkh frqvxpswlrq ri wkh edqnlqj0vhuylfh lq0
fuhdvhv1









Wkh uhvxow iroorzv iurp sursrvlwlrq 5 dqg +57,1
Sursrvlwlrq 7 Xqghu wkh k|srwkhvlv ri sursrvlwlrq 4/ diwhu d shupdqhqw lqfuhdvh lq wkh
jurzwk udwh ri wkh qrplqdo txdqwlw| ri prqh|/ wkh vkduh ri wkh edqnlqj0vhfwru lq wkh surgxfw
lqfuhdvhv1














Wkh uhvxow iroorzv iurp sursrvlwlrq 5 dqg +57,1
Wkh lpsdfw ri j rq wkh vkdgrz sulfh ri frqvxpswlrq/ b/ lv lqghwhuplqdwh1 Wkh uhdvrq
lv wkdw/ dv zloo eh vhhq/ frqvxpswlrq dqg ohlvxuh dozd|v ghfuhdvh diwhu dq lqfuhdvh lq j1L i
frqvxpswlrq dqg ohlvxuh duh vxevwlwxwhv/ wkhvh pryhphqwv dfw lq wkh gluhfwlrq ri lqfuhdvlqj
wkh pdujlqdo xwlolw| ri frqvxpswlrq> rq wkh rwkhu kdqg/ li wkh| duh frpsohphqwv/ wkh lpsdfw








































	 f li ￿2  f dqg xqghwhuplqhg li ￿2 : f
Wkh qh{w sursrvlwlrq lqyhvwljdwhv wkh lpsdfw rq frqvxpswlrq/ ohlvxuh/ dqg xwlolw|1
Sursrvlwlrq 8 Xqghu wkh k|srwkhvlv ri sursrvlwlrq 4/ diwhu d shupdqhqw lqfuhdvh lq wkh
jurzwk udwh ri wkh qrplqdo txdqwlw| ri prqh|/ wkh iroorzlqj dgmxvwphqw wdnh sodfh= frq0
vxpswlrq/ ohlvxuh/ dqg xwlolw| ghfuhdvh1
Surri1
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Wkh uhvxow iroorzv gluhfwo| iurp wkh k|srwkhvlv1
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Wkh uhvxow iroorzv gluhfwo| iurp wkh k|srwkhvlv1

























Wkh uhvxow iroorzv gluhfwo| iurp wkh k|srwkhvlv1
Kdylqj hvwdeolvkhg wkh pdlq orqj0uxq uhvxowv uhjduglqj wkh lqwhudfwlrq ehwzhhq prqh|
ghpdqg/ edqnlqj vhfwru/ dqg lq dwlrq/ ohw*v wxuq wr wkh vhfrqg remhfwlyh ri wkh sdshu/ zklfk
lv wr vwxg| wkh rswlpxp vl}h ri wkh edqnlqj vhfwru1
8 Ryhuedqnlqj
Dv zdv vhhq lq wkh odvw vhfwlrq/ wkh lqfuhdvh ri wkh lq dwlrq udwh irvwhuv wkh lqfuhdvh ri wkh
edqnlqj vhfwru> lwv vkduh lq wkh surgxfw lqfuhdvhv1 Rxu frqfhuq khuh lv wr hydoxdwh li wklv
skhqrphqrq lv rswlpxp iurp wkh vrfldo srlqw ri ylhz1 Rq rqh kdqg/ wkh dwwudfwlrq ri
surgxfwlrq idfwruv iurp wkh uhdo vhfwru hdvhv wkh surylvlrq ri prqh|0vxevwlwxwhv oltxlglw|0
vhuylfhv/ dqg/ frqvhtxhqwo|/ khosv wkh sxeolf wr frsh zlwk lq dwlrq1 Rq wkh rwkhu kdqg/ wkhvh
surgxfwlrq idfwruv kdyh d vrfldo rssruwxqlw| frvw jlyhq e| lwv vkdgrz sulfh lq wkh uhdo vhfwru1
Lw lv qrw fohdu krz wkrvh idfwruv wudgh0r1 Wr dgguhvv wklv lvvxh/ zh hydoxdwh wkh lpsdfw rq
zhoiduh dqg orqj0uxq xwlolw| ri d sxufkdvh wd{ ohylhg rq wkh edqnlqj vhuylfh1
Iurp +6;, lw lv srvvleoh wr hydoxdwh wkh orqj0uxq lpsdfw ri wkh sxufkdvh wd{ rq prqh|


























































































Sursrvlwlrq 9 Xqghu wkh k|srwkhvlv ri sursrvlwlrq 4/ diwhu d shupdqhqw lqfuhdvh lq wkh
sxufkdvh wd{/ wkh orqj0uxq fdslwdo vwrfn lqfuhdvhv ru ghfuhdvhv zkhwkhu wkh edqnlqj vhfwru lv
oderu0lqwhqvlyh ru fdslwdo0lqwhqvlyh/ dqg wkh uhdo txdqwlw| ri prqh| lqfuhdvhv1
Surri1 Lw iroorzv iurp sursrvlwlrq 4/ +79,/ dqg +7:,1
D vwudljkwiruzdug fruroodu| ri wklv odvw sursrvlwlrq lv wkdw wkh edqnlqj0vhfwru rxwsxw dqg
lwv vkduh lq wkh surgxfw ghfuhdvhv diwhu d pdujlqdo lqfuhdvh lq wkh sxufkdvh wd{1
Wkh qh{w vwhs lv wr hydoxdwh wkh lpsdfw ri wkh sxufkdvh wd{ rq orqj0uxq xwlolw|1 Diwhu

























: f li &￿  &2
Wkhuh duh wzr hhfwv1 Iluvwo|/ wkh hohydwlrq lq orqj0uxq prqh| kroglqjv/ zklfk wdnhv sodfh
diwhu d pdujlqdo lqfuhdvh lq wd{/ lqfuhdvhv orqj0uxq xwlolw|1 Vhfrqgo|/ wkh lpsdfw rq orqj0uxq
xwlolw| ri wkh dgmxvwphqw ri fdslwdo1 Li wkh uvw vhfwru lv fdslwdo0lqwhqvlyh/ ru/ li erwk vkduh
wkh vdph whfkqrorj|/ wkrvh wzr hhfwv dfwv lq wkh vdph gluhfwlrq> rwkhuzlvh/ lv qrw srvvleoh
wr vljqdo wkh lpsdfw rq orqj0uxq xwlolw| ri wkh pdujlqdo lqfuhdvh rq wkh sxufkdvh wd{1 Wkh
uhdvrq lv wkdw wkh uhgxfwlrq ri fdslwdo vwrfn eurxjkw derxw e| wkh ghfuhdvh ri wkh edqnlqj
vhfwru*v rxwsxw uhgxfhv orqj0uxq xwlolw|1 Qrwzlwkvwdqglqj/ wklv uhgxfwlrq lv frpshqvdwhg e|
49dq lqfuhdvh lq zhoiduh dorqj wkh wudqvlwru| g|qdplf1 Ohw*v hydoxdwh wkh lpsdfw rq zhoiduh1

















Iru wkh hqwluh g|qdplf/ wkh lpsdfw ri d pdujlqdo lqfuhdvh lq wkh sxufkdvh wd{ rq zhoiduh/
iru dq lqlwldo vlwxdwlrq lq zklfk wkh wd{ lv devhqw/ ghshqgv rqo| rq lwv lpsdfw rq wkh prqh|
ghpdqg1 Lq sduwlfxodu/ wkh hhfw rq zhoiduh ri fdslwdo dffxpxodwlrq lv }hur/ dv rqh zrxog
h{shfw146 Wkh prqhwdu| prghov duh qrw rswlpxp lq Sduhwr*v vhqvh1 Wkh uhvxow +7;, hvwde0
olvkhv wkdw wklv prgho jhqhudwhv wudmhfwrulhv zklfk duh Sduhwr0Rswlpxp uhvwulfwhg47>w k d w
lv/ jlyhq wkdw wklv hfrqrp| lv xvlqj ohvv prqh| vhuylfhv wkdq wkh vrfldo rswlpxp/ wkh rwkhu
yduldeohv/ lqfoxglqj fdslwdo/ duh dw dq h{wuhpxp ri wkh zhoiduh ixqfwlrq1 Iurp +7;, lw iroorzv
wkdw d vx!flhqw frqglwlrq iru wkh lqfuhdvh lq zhoiduh diwhu dq lqfuhdvh lq wkh wd{ lv wkdw wkh
prqh| ghpdqg lqfuhdvhv dorqj wkh g|qdplf sdwk ri wkh hfrqrp|1 Jlyhq wkdw wkh orqj0uxq
prqh| ghpdqg lqfuhdvhv/ li wkh uvw shulrg uhdo txdqwlw| ri prqh| lqfuhdvhv/ zh nqrz iurp
Ehuqkhlp +4<;4, wkdw wkh hqwluh sdwk zloo lqfuhdvh1 Dowkrxjk/ dw wklv ohyho ri jhqhudolw|/ lw lv
qrw srvvleoh wr nqrz li wkdw lv wkh fdvh1 Li wkh whfkqrorj| lv wkh vdph dprqj vhfwruv/ fdslwdo
dffxpxodwlrq grhv qrw wdnh sodfh diwhu wkh lqfuhdvh lq wkh wd{1 Xqghu wklv k|srwkhvlv/ lw
















Wkh skhqrphqrq ri ryhuedqnlqj rffxuv1 Wklv odvw h{suhvvlrq jlyhv d irupdo frqwhqw wr
Mrkqvrq*v +4<9;, vwdwhphqw=
Wkh vxevwdqwlyh srlqw lv wkdw/ ehfdxvh wkh sulydwh frvw ri kroglqj fxuuhqf| +wkh
lqwhuhvw irujrqh, vxevwdqwldoo| h{fhhgv wkh vrfldo frvw +udz pdwhuldo/ ydoxh dgghg/
dqg srolflqj,/ iuhh frpshwlwlrq lq edqnlqj/ e| pdnlqj wkh sulydwh dqg vrfldo
frvw ri ghsrvlw kroglqj frlqflgh/ zrxog whqg wr surgxfh d vrfldo qrq0rswlpxp
ryhudoorfdwlrq ri uhvrxufhv wr wkh surylvlrq ri ghsrvlw prqh| dqg xqghudoorfdwlrq
ri uhvrxufhv wr wkh surylvlrq ri fxuuhqf| kroglqj1 +111, Rq wkh dvvxpswlrq wkdw
46Zh wkdqn Pdufrv gh Eduurv Olverd iru wklv revhuydwlrq1
47Lq idfw/ wklv lv d yhu| jhqhudo surshuw| ri prqhwdu| prghov1 Vhh Shvvrd +5333,1
4:fxuuhqf| fdqqrw eh lvvxhg rwkhu wkdq dv d qrq0lqwhuhvw0ehdulqj dvvhw/ dfklhyhphqw
ri wkh vhfrqg ehvw zhoiduh rswlpxp zrxog uhtxluh d wd{ rq wkh kroglqj ri
ghsrvlw prqh| dw d udwh vrphzkhuh ehwzhhq }hur dqg wkh frpshwlwlyh lqwhuhvw
udwh lq ghsrvlwv +111, +s1 <:71,
Lv wklv uhvxow dq duwlidfw ri wkh Vlgudxvnl yhuvlrq hpsor|hg khuhB Wr dqvzhu wklv txhvwlrq
ohw*v wxuq wr Dl|djdul*v hw doll +4<<;, dqg Hqjolvk*v +4<<<, prghov1 Wkhvh zrunv h{dplqh d
fdvk0lq0dgydqfh hfrqrp| lq suhvhqfh ri fuhglw jrrgv1 Wkhuh lv d frqwlqxxp ri jrrgv/ zklfk
frxog eh dftxluhg lq wkh pdunhw/ lq h{fkdqjh iru prqh| ru d fuhglw vhuylfh1 Xqghu wklv vhfrqg
srvvlelolw|/ wkh sulfh ri d jrrg lv wkh prqh| sulfh soxv d frvw zklfk ydulhv/ ghshqglqj rq
wkh jrrg148 Lq wklv fodvv ri fdvk0lq0dgydqfh prghov/ wkhuh lv d fxw0r lqgh{ zklfk vsolwv wkh
frqwlqxxp ri jrrgv lq wkrvh zklfk duh dftxluhg e| fdvk dqg wkrvh e| fuhglw1 Wkh kljkhu wkh
lq dwlrq udwh/ wkh odujhu wkh udqjh ri jrrgv dftxluhg e| fuhglw lv dqg/ frqvhtxhqwo|/ wkh kljkhu
wkh prqh| yhorflw| lv149 Vlplodu wr wkh suhvhqw zrun/ wkhvh prghov wdnh lqwr dffrxqw wkdw wkh
surylvlrq ri wklv prqh|0vxevwlwxwhv vhuylfhv e| wkh edqnlqj vhfwru uhtxluhv wkh hpsor|phqw
ri surgxfwlrq idfwruv/ zklfk kdyh ehhq glyhuwhg iurp wkh uhdo vhfwru14: Ohw*v uvw frqvlghu
wkh yhuvlrq lq zklfk wkh orqj0uxq fdslwdo0vwrfn lv qrw vhqvlwlyh wr wkh lq dwlrq udwh 0 wkdw
lv/ lq zklfk oderu vxsso| lv lqhodvwlf/ dqg fdslwdo lv d fdvk jrrg zkrvh sxufkdvh grhv qrw
suhvhqw wudqvdfwlrq frvw14;
Lw lv vwudljkwiruzdug wr vkrz wkdw d vx!flhqw kljk wd{ holplqdwhv wrwdoo| wkh plvdoorfdwlrq
hhfw ri lq dwlrq rq zhoiduh1 Iru wkh Dl|djdul hw doll irupxodwlrq/ wkh dujxphqw jrhv dv
iroorzv1 Wkhuh lv d frqwlqxxp ri jrrgv1 Li wkh krxvhkrog dftxluhv d jrrg lq wkh pdunhw dv
fdvk/ wkh frvw/ lq xqlwv ri lqfrph/ zloo eh n-|/l qz k l f k- vwdqgv iru wkh qrplqdo lqwhuhvw
udwh> li lw dftxluhv lw dv fuhglw jrrg/ wkh frvw zloo eh E n E n 7E5/l qz k l f k = vwdqgv
e| wkh sxufkdvh wd{ rq wkh edqnlqj vhuylfh> 7 vwdqgv e| wkh wudqvdfwlrq frvw ixqfwlrq> dqg
48Glhuhqwo|/ Hqjolvk vxssrvhv wkdw wkhuh lv d zhljklqj ixqfwlrq lq wkh suhihuhqfhv zklfk ydulhv dfurvv w|sh
ri jrrgv1
49Wklv pdqqhu ri surgxflqj d yduldeoh prqh| yhorflw| lq fdvk0lq0dgydqfh prghov zdv lqwurgxfhg e| Jloo0
pdq +4<<6,1
4:Dl|djdul*v hw doll +4<<;, dqg Hqjolvk*v +4<<<, prghov duh yhu| vlplodu1 Wkh pdlq glhuhqfh lv wkh prgholqj
ri wkh wudqvdfwlrq whfkqrorj|1 Dl|djdul hw doll vxssrvh d frqvwdqw pdujlqdo frvw lq dftxlulqj d jrrg dv fuhglw
jrrg zkloh Hqjolvk prghov lw dv d {hg frvw1
4;Li fdslwdo lv {hg/ lw lv srvvleoh wr doorz dq hqgrjhqrxv ghwhuplqdwlrq ri wkh oderu vxsso|1
4;5 e| wkh jrrg*v lqgh{1 Wkh fxw0r jrrg lv wkh rqh zklfk vroyhv
n-| 'E nE n 7E5
W
|
Dv Dl|djdul hw doll vwuhvvhg/ wklv lv d Edxpro0w|sh frqglwlrq wkdw vhwv wkh rssruwxqlw| frvw
ri fdvk htxdo wr wkh frvw ri fuhglw vhuylfhv iru wkh pdujlqdo jrrg1 +s1 45;9, Li wkh wd{ lv vhw






Hyhu| jrrg lv sxufkdvhg dv fdvk jrrg/ dqg lq wklv hfrqrp| lq dwlrq lv kdupohvv$ Wkh wd{
lv rq wkh xsshu hqg ri Mrkqvrq*v udqjh dqg c{hv* shuihfwo| wkh hfrqrp|> wkh zhoiduh lv
wkh vdph dv xqghu Iulhgpdq*v uxoh/ dowkrxjk lq dwlrq lv srvlwlyh1 Wkh vhfrqg0ehvw vroxwlrq
surylghv wkh vdph zhoiduh dv wkh uvw0ehvw1 D vlplodu dujxphqw/ zlwk dgdswdwlrqv/ dssolhv
wr Hqjolvk*v prgho1 Frqvhtxhqwo|/ wklv fodvv ri prghov suhvhqwv d yhu| vwurqj yhuvlrq ri
ryhuedqnlqj1 Wklv vwurqj uhvxow zh gr qrw jhw lq wkh Vlgudxvnl irupxodwlrq1 Gxh wr wkh
qdwxuh ri wkh }E6cS2 ixqfwlrq/ dw dq| lq dwlrq udwh wkh edqnlqj vhfwru fdq gr vrphwklqj
iru zklfk fdvk lv qrw d shuihfw vxevwlwxwh1 Vd|lqj glhuhqwo|/ lq wkh Vlgudxvnl prgho dw dq|
lq dwlrq ohyho wkhuh lv dq rswlpxp vl}h ri wkh edqnlqj vhfwru/ zklfk lv kljkhu wkdw }hur> wkh
srlqw khuh lv wkdw wkh pdunhw vroxwlrq xvxdoo| lqgxfhv dq h{whqw odujhu wkdq wklv rswlpxp
vl}h1
Wklv h{wuhph irup ri ryhuedqnlqj iru wklv fodvv ri fdvk0lq0dgydqfh prghov wdnhv sodfh eh0
fdxvh/ iurp wkh vrfldo srlqw ri ylhz/ wkh edqnlqj lqvwlwxwlrqv duh xvhohvv1 Rqh zd| ri jlylqj
d vrfldo wdvn wr edqnlqj lq wklv hqylurqphqw lv wr vxssrvh wkdw wkh fdvk0lq0dgydqfh uhvwulf0
wlrq dssolhv wr fdslwdo sxufkdvh1 Lq d vkruw dqg lq xhqwldo sdshu/ Vwrfnpdq +4<;4, vkrzhg
wkdw fdslwdo dffxpxodwlrq lv kduphg lq d fdvk0lq0dgydqfh hfrqrp|/ li fdslwdo*v sxufkdvh lv
vxemhfwhg wr wkh fdvk0lq0dgydqfh uhvwulfwlrq1 Wkh vkdgrz sulfh ri wkh fdvk0lq0dgydqfh uh0
vwulfwlrq dfwv olnh d glvwruwhg wd{ rq lqyhvwphqw/ uhgxflqj orqj0uxq fdslwdo vwrfn1 Irupdoo|/
wkh vkdgrz sulfh ri fdslwdo lv
b n > ' bE n -c
lq zklfk > vwdqgv iru wkh vkdgrz sulfh ri fdvk1 Wkhuhiruh/ diwhu dq lqfuhdvh rq lq dwlrq/ dqg
frqvhtxhqwo| ri wkh qrplqdo lqwhuhvw udwh/ wkh hfrqrp| gh0dffxpxodwhv fdslwdo1 Zkhq wkhuh
4<lv d frqwlqxxp ri jrrgv/ dv zh vdz/ hyhu| jrrg zkrvh wudqvdfwlrq frvw lq wkh fuhglw vhfwru lv
orzhu wkdq - lv dftxluhg dv fuhglw jrrg/ sd|lqj/ reylrxvo|/ wkh frvw ri wkh edqnlqj vhuylfh1
Khqfh/ wkh wudqvdfwlrq frvw lv d fhlolqj wr wkh glvwruwlrq hhfw ri lq dwlrq1 Iurp wklv srlqw
ri ylhz wkh lqfuhdvh lq wkh edqnlqj vhfwru lv d jrrg1
Qrz/ wkhuh duh wzr lpsdfwv ri lq dwlrq rq wkh htxloleulxp ri wkh hfrqrp|1 Iluvw/ wkh
glyhuvlrq ri surgxfwlrq idfwruv iurp wkh uhdo vhfwru wrzdugv wkh edqnlqj vhfwru 0 wkh plvdoor0
fdwlrq hhfw1 Vhfrqg/ wkh uhgxfwlrq lq wkh fdslwdo vwrfn zklfk wdnhv sodfh diwhu dq lqfuhdvh
lq wkh lq dwlrq udwh 0 wkh glvwruwlrq hhfw1 Hovhzkhuh/ Shvvrd +5333, suryhg wkdw iru wklv











zklfk phdqv wkdw fdslwdo lv rswlpdo0fkrvhq iurp wkh vrfldo srlqw ri ylhz1 Lq rwkhu zrugv/
yduldwlrqv lq wkh fdslwdo0vwrfn sdwk surgxfh vhfrqg0rughu hhfwv rq wkh zhoiduh ixqfwlrq/
dqg/ frqvhtxhqwo|/ wkh glvwruwlrq hhfw lv vhfrqg0rughu vpdoo1 Ehfdxvh wkh plvdoorfdwlrq
hhfw lv uvw0rughu/ wklv hfrqrp| suhvhqwv wkh ryhuedqnlqj skhqrphqrq1 Iru wkdw uhdvrq/ lw
lv rswlpxp wr lpsrvh d wd{ rq edqnlqj vhuylfh dftxlvlwlrq/ exw/ suredeo| lv qrw rswlpxp wr
gulyh r wkh edqnlqj vhfwru1 Wklv lv h{dfwo| wkh vruw ri ryhuedqnlqj wkdw zdv rewdlqhg zlwk
wkh Vlgudxvnl irupxodwlrq1
9 Frqfoxvlrq
Wkh pdlq frqfoxvlrq lv wkdw wkh h{lvwhqfh ri edqnlqj uhlqirufhv Iulhgpdq*v +4<9<, uhvxow1
Lq dwlrq kdup wkh hfrqrp| ehfdxvh krxvhkrog fduulhv wrr vpdoo prqh| vwrfn/ dqg/ frqvxph
wrr pxfk edqnlqj vhuylfhv1 Gxh wr wkh vhfrqg ehvw qdwxuh ri wkh prqhwdu| hfrqrp| vwxglhg
lq wklv sdshu/ dq dgglwlrqdo glvwruwlrq lqfuhdvhv zhoiduh1 Krzhyhu/ rxu dssurdfk lq wklv sdshu
zdv pdfurhfrqrplf> edqnlqj lv d up wkdw hpsor|v fdslwdo dqg oderu wr surgxfh d oltxlg
vhuylfh/ zklfk vxevwlwxwhv fdvk1 Wkhuh zdv qr urrp khuh wr vrph lqvwlwxwlrqdo shfxoldulw|
ri edqnlqj/ olnh uhvhuyhv uhtxluhphqw udwlr dqg uhvwulfwlrq wr ehorz pdunhw uhpxqhudwlrq iru
vrph dvvhwv1
Dqrwkhu srlqw lv wkh urexvwqhvv ri rxu uhvxow wr rwkhu irupxodwlrqv ri suhihuhqfhv ru
wudqvdfwlrq frvw ixqfwlrqv1 Iru hdfk sduwlfxodu irupxodwlrq ri suhihuhqfh ru wudqvdfwlrq frvw
53ixqfwlrq lw lv srvvleoh wr ghulyh dq h{suhvvlrq htxlydohqw wr +7;,1 Vd|lqj glhuhqwo|/ wkh uhvxow
wkdw prqhwdu| prghov lpso| wudmhfwrulhv zklfk duh Sduhwr Rswlpxp uhvwulfwhg wr d jlyhq
sdwk ri fdvk rxw ri wkh edqnlqj vhfwru/ lv d urexvw uhvxow iru d frpshwlwlyh edqnlqj vhfwru
zlwkrxw uhvhuyh uhtxluhphqwv dqg rwkhu uhjxodwlrqv1 Frqvhtxhqwo|/ iru wklv fodvv ri prghov/
li wkh| dgglwlrqdoo| kdyh wkh sursulhw| ri orqj0uxq fdslwdo qhxwudolw|/ wkhuh lv ryhuedqnlqj1 Li
wkh prgho grhv qrw suhvhqw orqj0uxq fdslwdo*v qhxwudolw|/ suredeo|/ gxh wr wkh vhfrqg rughu
qdwxuh ri wkh glvwruwlrq hhfw ri lq dwlrq rq zhoiduh/ lw vwloo zloo vkrz xs ryhuedqnlqj1
Uhihuhqfhv
^4` Dl|djdul/ V1 Udr/ U1 Dqwrq Eudxq/ dqg ]yl Hfnvwhlq 4<<;1 Wudqvdfwlrq Vhu0
ylfhv/ Lq dwlrq/ dqg Zhoiduh/ Mrxuqdo ri Srolwlfdo Hfrqrp|/ 439= 45:7046341
^5` Ehuqkhlp/ E1 Grxjodv 4<;41 D Qrwh rq G|qdplf Wd{ Lqflghqfh/ Txduwhuo| Mrxuqdo
ri Hfrqrplfv/ <9= :380:561
^6` Hqjolvk/ Zlooldq E1 4<<<1 Lq dwlrq dqg Ilqdqfldo Vhfwru Vl}h/ Mrxuqdo ri Prqhwdu|
Hfrqrplfv 77= 6:<07331
^7` Iulhgpdq/ Plowrq 4<9<1 Wkh Rswlpxp Txdqwlw| ri Prqh| dqg Rwkhu Hvvd|v/
Fklfdjr= Doglqh1
^8` Jloopdq/ Pd{ 4<<61 Wkh Zhoiduh Frvw ri Lq dwlrq lq d Fdvk0Lq0Dgydqfh Hfrqrp|
zlwk Frvwo| Fuhglw/ Mrxuqdo ri Prqhwdu| Hfrqrp|/ 64= <:04481
^9` Mrkqvrq/ Kdu| J1 4<9;1 Sureohpv ri H!flhqf| lq Prqhwdu| Pdqdjhphqw/ Mrxuqdo
ri Srolwlfdo Hfrqrp|/ :9= <:40<<31
^:` Nhps/ Pxuud| F1 4<9<1 Wkh Sxuh Wkhru| ri Lqwhuqdwlrqdo Wudgh dqg Lqyhvwphqw/
Qhz Mhuvh|/ Suhqwlfh0Kdoo +vhfrqg hglwlrq,1
^;` Rqlnl/ Kdmlph/ 4<:61 Frpsdudwlyh G|qdplfv +Vhqvlwlyh Dqdo|vlv, lq Rswlpdo Frq0
wuro Wkhru|1 Mrxuqdo ri Hfrqrplf Wkhru|/ 9= 59805;61
^<` Shvvrd/ Vdpxho gh D1 53331 Zhoiduh Fkdudfwhul}dwlrq ri Prqhwdu|0Dssolhg Prghov
dqg Wkuhh Lpsolfdwlrqv/ phpr1
54^43` Vlgudxvnl/ Pljxho 4<9:1 Udwlrqdo Fkrlfh dqg Sdwwhuqv ri Jurzwk lq d Prqhwdu|
Hfrqrp|/ Dphulfdq Hfrqrplf Uhylhz/ Sdshuv dqg Surfhhglqj/ 8: +5,= 86708771
^44` Vwrfnpdq/ Dodq F1 4<;41 Dqwlflsdwhg Lq dwlrq dqg wkh Fdslwdo Vwrfn lq d Fdvk0
lq0Dgydqfh Hfrqrp|/ Mrxuqdo ri Prqhwdu| Hfrqrplfv/ ;= 6;:06<61
4 Dsshqgl{
414 Qrupdolw| Frqglwlrqv
Wkurxjkrxw wkh sdshu lw zdv pdgh wkh k|srwkhvlv wkdw wkh wkuhh jrrgv 0 wkh jrrg/ prqh|/
dqg edqnlqj vhuylfhv 0 zhuh qrupdo jrrgv1 Wklv dsshqgl{ ghulyhv wkh frqglwlrqv wkdw hqvxuhv
wkdw wklv qrupdolw| frqglwlrqv duh ydolgo|1
Wkh uvw vhw ri qrupdolw| frqglwlrqv fdph irup wkh iroorzlqj vwdwlf sureohp=
4?}E6cS2 +83,
vxemhfw wr GE Z n o6 n RS2 ' +
Wkh vhfrqg0rughu frqglwlrqv iru wklv pd{lpl}dwlrq sureohp lv dxwrpdwlfdoo| dwwdlqhg e|
wkh frqyh{lw| ri }1 Vroylqj wkh frpsdudwlyh vwdwlf iru wkh uvw0rughu frqglwlrq/ lw iroorzv
wkdw wkh prqh| dqg edqnlqj vhuylfhv* frqvxpswlrq lqfuhdvh diwhu dq lqfuhdvh lq lqfrph li
dqg rqo| li
}￿}22  }2}￿2 	 fc +84,
}2}￿￿  }￿}2￿ 	 f +85,
Wkh vhfrqg vhw ri qrupdolw| frqglwlrqv fdph iurp wkh iroorzlqj pd{lpl}dwlrq sureohp=
4@ ES￿c,
vxemhfw wr G S￿ n ^, ' +c
lq zklfk ^ lv wkh sulfh lq xqlw ri jrrgv ri ohlvxuh1 Dqdorjrxvo|/ uhgrlqj wkh vwhsv zklfk ohdg
55wr +84, dqg +85, lw iroorz wkdw
￿22  2￿2 	 fc
2￿￿  ￿2￿ 	 f
Uhfdoolqj +;, dqg +43, wkhvh wzr frqglwlrqv frxog eh zulwwhq dv
R￿￿ n }2￿2 	 f/+ 8 6 ,
R2￿ n }222 : f +87,
415 Vkruw0Uxq Frpsdudwlyh0Vwdwlf
Lq wklv dsshqgl{ wkh vkruw0uxq frpsdudwlyh0vwdwlfv lv vroyhg1 Wkh htxdwlrq zklfk ghvfulehv
wkh vkruw0uxq htxloleulxp duh wkh uvw rughu frqglwlrqv +;,0+43,/ dqg wkh edqnlqj0vhuylfh*v
pdunhw0htxloleulxp htxdwlrq +5:,1 Wklv v|vwhp ri wkuhh htxdwlrqv vroyhv iru S￿/ R/d q gZ dv
d ixqfwlrq ri wkh vwdwh yduldeoh +&,/ wkh frvwdwh yduldeoh +b,/ wkh frvwdwh0olnh yduldeoh +6,/
dqg wkh h{rjhqrxv yduldeoh +,1 Wkh htxdwlrqv
￿ES￿c  }E6c+2ERc& ' bc
2ES￿c  }E6c+2ERc&}2E6c+2ERc& ' bE n R
vroyhv iru S￿dqg R1 Glhuhqwldwlqj wkh v|vwhp/ lw iroorzv wkdw
%
￿￿ }2￿2+2￿


















































dR+2￿E}2}2￿  }￿}22n}￿}2o B f zkhwkhu ￿2 B fc +89,
{
S￿
& ' ￿2+22bc +8:,
{
S￿






 	 fc +8;,
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S￿
￿ ' bR￿2+2￿ B f zkhwkhu ￿2 B fc +8<,
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R￿￿}2￿ 	 fc +93,
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R￿￿ 	 f +96,
Iurp +63, lw lv srvvleoh wr fdofxodwh wkh frpsdudwlyh vwdwlf iru wkh lq dwlrq udwh1
416 Ghulydwlrq ri wkh H{suhvvlrq +7;,
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lq zklfk wkh odvw htxdolw| iroorzv diwhu vxevwlwxwlqj wkh uvw0rughu frqglwlrqv +;,0+43,1
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g| 'f (






































g| 'f  +99,
Lqwhjudwlqj e| sduwv wkh odvw whup lq +98, dqg uhfdoolqj wkdw fdslwdo grhv qrw mxps dqg
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Uhfdoolqj +44,/ +58,/ dqg +59,/ +7;, iroorzv1
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